Rabbit antibody to human liver arginase was used to examine the immunologic characteristics of arginase in red blood cells (RBC), liver, kidney, brain, and gastrointestinal tract from normal adults and from patients with hyperargininemia. Greater than 90% of the argitiase in RBC and liver was precipitate& by this antibody whereas only 50% of the arginase in kidney, brain,, and gastrointestinal tract reacted with it.
Arginase (L-arginine ureahydrolase; E.C. 3.5.3. I), the last enzyme of the urea cycle, catalyzes the cleavage of arginine to ornithine and urea. It has been reported deficient in ten patients, who have a characteristic clinical syndrome and elevated plasma levels of arginine (2, 3, 7, 1 1, 12, 16, 17) . Despite the fact that they have less than 2% of normal liver arginase activity (3, 7) , the patients excrete low-to-near-normal quantities of urea (2, 3, 7, 1 1, 12, 16, 19) . The capacity to synthesize urea may be due to residual enzyme activity, to an alternate pathway for urea synthesis,,or to a second structural gene locus determining arginase (10) . Tocdaeide among these alternative hypotheses we previously studied kinetic and physicochemical properties of the arginases in RBC, liver, kidney, GI, and brain from normal human adults and fetuses (13, 14) . These studies failed to either prove or exclude any of these hypotheses.
We now report the immunochemical properties of arginase from normal humans and from three patients with arginase deficiency. These studies strongly support the existence of two structural gene loci determining arginase in man.
MATERIALS AND METHODS

Materzals
Arginine> and buffers were obtained from Sigma Chemical Company, St. Louis, MO, and were of the highest grade available. G~anido['~C]arginine (53 pCi/pmole) was obtained from Amersham-Searle, Chicago, IL. GARGG was obtained from CalBiochem/Behring.
Tissue extracts. Tissues were obtained at the time of autopsy or biopsy. They were homogenized in 2-3 volumes of 0.01 M Tris-HC1, pH 7.4 using a Polytron. The homogenates were centrifuged at 30,000 x g for 60 min and the resulting supernatants used in these studies. Enzyme assay Our modification of the radiochemical method of Schimke (8) was used to determine arginase activity (13) . It is llnear with respect to time and protein concentration in the ranges used in these studies (13) . A unit of enzyme activity is defined as 1 jtmole arginine cleaved per 30 min.
Preparatron ofant~bodzes. Rabbit antibody raised against purified rat liver arginase was received as a gift from Dr. Raphael Palacios, Institute of Biomedical Investigation at the Autonomous University of Mexico, Mexlco City, Mexico (15) . This antibody precipitated both rat and human liver arginase activity completely, the latter with lower affinity. The antibody formed a single, very faint immunoprecipitation band when tested with the liver extract from an arginase deficient patient, R.U. (Fig.  IA) . The band was idehtical with a much stronger one seen in normal liver extract, confirming the monospecificity of this antlbody toward arginase. Because normal amounts of enzyme protein were found in the patient's red blood cells with antihuman liver arginase, we Infer that the absence of easily visible CRM in this study was due to the use of the anti-rat liver antibody and a less fresh specimen. The data are presented only to confirm the specificity of the antibody.
Rabbit anti-human liver arginase was raised in our laboratory. Atginase was isolated from human liver obtained at the time of kidney transplant. It was purified 500-fold by the method of Schirnkk,(q). The purified enzyme was incubated with anti-rat liver arginase antibody at 37°C for 30 min and 4°C overnight. The antigen-antibody complex was removed by centrifugation at 30,000 x g for 30 min and was resuspended in 0.01 M Tris-HCI, pH 7.4. Sodium dodecyl sulfate polyacrylamide gel electrophoresis of this complex demonstrated three bands: two bands corresponding to the light and heavy chains of IgG and one band corresponding to the arginase monomer. The antibody used in this study was raised against this antigen-antibody complex in a female New Zealand white rabbit by standard means.
An IgG-rich fraction from the serum was isolated by precipitation with ammonium sulfate (30%), resuspension in % volume 0.01 M Tris-HC1, pH 7.4, and dialysis against this buffer. A similar fraction was isolated from serum obtained from a rabbit that was not immunized and was designated "control" immunoglobulin. These IgG-rich fractions were utilized in all experiments except Ouchterlony double immunodiffusion.
Protein determination. Protein concentration was determined by the method of Bradford (1) . BSA was used as a standard. Coomassie blue dye reagent was obtained from Bio-Rad Laboratories.
Immunoprecipitation of arginase in tissue extracts. Immunoprecipitation experiments were camed out as described previously for RBC (1 3). Tissue extracts were used directly or diluted in 0.01 M Tris-HC1, pH 7.4, to a final activity of 0.2-5.0 U of arginase activity per 50 p1. Extracts were incubated with varying amounts of anti-arginase (0-320 pg) and control immunoglobulin, in a constant final volume, for 30 min at 37°C and overnight at 4°C. The final concentration of immunoglobulin (anti-arginase plus control) was approximately 320 pg. The immunoglobulin was precipitated by adding GARGG and incubating the mixtures for 4 more h at 4°C. The antigen-antibody complexes were collected by centrifugation at 30,000 x g for 30 min at 4°C. The arginase activity remaining in 50-p1 aliquots of the resulting supernatants was determined. Triplicate determinations on each supernatant of arginase activity in this and other experiments did not vary by more than 10%.
Presence of CRM in patient RBC. Rabbit anti-human liver antibody was used to detect the presence of CRM in RBC extracts of three patients, (R.U., M.U., and M.O.) two of whom were siblings, with hyperargininemia. RBC hemolysates were prepared from blood samples obtained from the patients and from normal individuals (13) . The RBCs from the patients had less than 1 % of the arginase activity found in control RBC [<5 U/g H b versus 478.5 f. 103 U/g Hb (2, 3)]. The amount of hemoglobin, in each sample (control and patient) was determined (1 8) and the samples were diluted with PBS (pH 7.4) so that the hemoglobin concentration was 0.08-0.12 mg/ml. The amount of anti-human liver arginase antibody needed to precipitate greater than 95% of the arginase activity in 50 j~1 of the normal RBC hemolysates was determined (approximately 6-12 pg, depending upon the sample) as described for the tissue extracts. The RBC hemolysate from the normal individuals was diluted into half with PBS plus BSA (0.1 mg/ml of PBS) or RBC hemolysate from a patient.
The diluted extracts (5-100 were incubated with anti-human liver arginase antibody (6-12 pg). Incubations and arginase assay were camed out as described above and the amount of normal RBC extract diluted with either PBS or patient hemolysate needed to begin to displace enzymatically active protein from the antigen-antibody complex into the supernatant determined.
Absorption studies in liver and kidney. Kidney extract (12.4 U) was incubated with enough anti-human liver arginase antibody (2.7 mg) to complex 50% of the kidney arginase activity after incubation at 37°C for 30 min and 4°C overnight. The antigen-antibody complex was removed by centrifugation and one-half ( I ml) of the supernatant was removed (Sl) for further examination. The remaining supernatant was incubated with 6.5 U of kidney arginase and treated as in the first step. One ml of this second supernatant was removed (S2) and the remaining supernatant was incubated for a third time with 6.5 U of kidney arginase yielding a third supernatant (S3). A parallel experiment was carried out in which control immunoglobulin was used instead of anti-human liver arginase antibody. The supernatants from each precipitation were then tested for the presence of antibody that reacted with human liver arginase. In parallel tubes, 0-100 p1 of the three supernatants and either anti-human liver arginase antibody or control immunog1obuIin was incubated with 7.2 U of human liver arginase and immunoprecipitation studies were carried out as described above.
Kidney biopsy. An open kidney biopsy was performed on patient M.U. at the time of therapeutic orthopedic surgery. This procedure and the liver biopsy performed on R.U. were approved explicitly by the Human Subject Protection Committeeat UCLA and performed with informed parental consent. Tissue, 0.26 g, was obtained and homogenized in 3.0 ml of 0.01 M Tris-HC1, pH 7.4. The extract was centrifuged at 30,000 X g for 60 min at 4°C and the arginase activity in the supernatant determined. The pellet was extracted a second time in an identical manner. Aliquots of this kidney extract (35 m u arginase activity) were incubated with anti-human liver arginase antibody (0-33 pg) as described above. The amount of arginase activity remaining in 50 p1 of the final supernatant was determined.
Increasing amounts of kidney extract (43-324 m u arginase activitv) were added to 188 m u of liver arginase activitv in the presence of enough antibody to 94% of the liver arginase activity. The extracts were incubated as described above ARGINASE-DEFIC XENT PATIENTS 943 and the amount of arginase in 50 of the final supernatant determined. The amount of arginase activity contributed by the kidney extract was subtracted from the total activity found in the final supernatant.
RESULTS
Immunoprecipitation studies in normal tissue. Quantitative immunoprecipitation studies with rabbit anti-human liver arginase antibody were performed using extracts of normal adult tissue ( Fig. 2A and 2B) . The antibody precipitated 90% or more of the arginase activity in RBC and liver extracts with 12.8 and 11.1 U of arginase activity precipitated per mg antibody (IgG rich), respectively. Biphasic precipitation profiles were obtained for kidney, GI, and brain. The first portion was similar to that for liver and RBC with 9.4, 8.9, and 3.5 U of arginase activity precipitated per mg antibody (IgG rich), respectively. Approximately 50% of the activity in each tissue was not precipitated, even when a 10-fold excess of antibody was added.
Presence of CRM in the red blood cells of arginase deficient patients. RBC extracts from three patients demonstrated CRM in amounts equal to that found in normal individuals when tested with rabbit anti-human liver arginase antibody (Fig 3A  and 3B ). The amount of normal extract with PBS plus BSA added needed to begin displacement of arginase activity into the supernatant (the x-intercept in Fig. 3A and 3B ) was 2.2, 1.4, and 2.0 times greater than that when an equal volume of extract from each of the three patients was added (R.U., M.U., and M.O., respectively). Studies repeated in the opposite manner with the normal enzyme held constant and the mutant extract added in varying amounts gave essentially identical results (data not shown).
Absorption studies. Kidney extract from a normal donor was able to neutralize all of the antibody to human liver arginase after a series of three absorptions. The three supernatants (Sl, S2, S3) precipitated progressively less liver arginase activity until after the third, no liver arginase activity was precipitated (data not shown).
Immunologic and biochemical studies of kidney from an arginase-deficient patient. Kidney extract from patient M.U. had a specific activity of 64 m u arginase activity per mg protein as compared to 6-12 m u arginase activity per mg protein in normal adult and fetal biopsy or autopsy material (14) . The patient extract demonstrated a broad line of identity with normal adult liver and kidney on double immunodiffusion using anti-human liver arginase antibody but lacked, along with normal kidney, a righc hand panel). These mixtures were incubated with enough antibody (12 pg in lefi hand panel or 6 pg in right hand panel) to precipitate greater than 95% of the arginase activity in 50 p1 of the normal RBC hemolysate. In panel nght handpanel tlie control RBC hemolysate was diluted 1: 1 with PBS so that the hemoglobin concentration in the control and patient sample was similar. Diluted extract (5-100 pl) was incubated with the antibody and immunoprecipitation canied out as described in "Materials and Methods." Each point represents the average of triplicate determinations from one experiment. Each sample was tested at least two times. Fig. 4 . Reaction of normal kidney arginase and patient M.U. kidney arginase with anti-human liver arginase antibody. Extracts from normal kidney (U, 736 mu) and from M.U. kidney (W, 375 mu) were incubated with increasing amounts of anti-human liver arginase antibody (0-65 pg and 0-33 pg, respectively) as described in "Materials and Methods." Each point represents the average of triplicate determinations. The control kidney was tested three times and M.U. kidney one time.
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small band found in normal liver (Fig. 1B) ; however, none of the enzyme activity in M.U.'s kidney extract was precipitated by rabbit anti-human liver arginase antibody over a 30-fold range of added antibody (Fig. 4) . This same amount of antibody precipitated 50% of a similar amount of normal kidney arginase activity (Fig. 4) . The presence of an arginase protein that was enzymatically inactive, but immunologically reactive was also demonstrated in the patient's extract. Normal liver extract was mixed with enough anti-human liver arginase antibody to precipitate 94% of the liver activity. When increasing amounts of patient kidney extract were added to this mixture, liver arginase was displaced from the antigen-antibody complex (Fig. 5) . The abrupt alteration of the plateau was unexpected, although we tried to cover this area by varying the amount of patient kidney extract added.
DISCUSSION
Our previous studies of the properties of normal adult and fetal RBC and liver suggested that a single structural gene locus specifies arginase activity (1 3, 14) . Studies in arginase deficiency, in which virtually no residual activity is seen in liver, RBC, white blood cells, and the stratum corneum of the skin buttressed this conclusion (2, 3, 7, 1 1, 12, 16, 17) . Previous electrophoretic (14) and now immunologic studies of kidney, brain, and GI reveal a second form of arginase that differs in net charge and immunoreactivity from that found in liver. These data on normal human tissue failed, however, to demonstrate whether these differences were due to a second arginase locus or to post-translational modification of the product of a single locus. Herzfeld and Raper (5) have demonstrated these same two forms of arginase in rat tissues, but could not distinguish between the one and two locus hypotheses.
An open kidney biopsy of arginase-deficient patient M.U. allowed us to examine the biochemical and immunologic activity of arginase. The specific activity of the patient extract was 4-5 times that found in either biopsy or autopsy kidney obtained from normal individuals. This enzymatically active protein did not cross-react with anti-human liver arginase antibody. An enzymatically inactive protein, cross-reacting with anti-human liver arginase was also found in the biopsy material. This presumably represents the protein product of the mutant structural gene (Fig. 5) .
We conclude that there are two distinct structural gene loci that encode arginase in man. One locus is expressed as the major arginase isozyme in the liver and RBC, contributing 90% or more of the arginase activity in these tissues. The enzyme activity determined by this locus is lost in our patients with hyperargininemia. This locus is also expressed in kidney, GI, and brain, and by immunoprecipitation appears to contribute approximately 50% of the arginase activity in these tissues.
The second arginase locus may be expressed to approximately the same level in all tissues. In liver and RBC, it may constitute less than 5% of the total activity and go unnoticed against the higher background, whereas in kidney, GI, and brain, it determines approximately 50% of the total tissue arginase activity. Other, far more complex explanations can be developed to explain these data, but seem unlikely. We are currently undertaking the structural studies necessary to prove this inference.
The product of the second arginase locus appears to be the only enzymatically active protein in our patients with hyperargininemia. Both proteins are being synthesized, however, as demonstrated by the normal amount of CRM to anti-liver arginase antibody present in the RBC extracts and kidney of the patients. The enzyme product of the second locus may be "induced" in the kidney of patient M.U. The total amount of active arginase in him is estimated to be equivalent to 2% of the total arginase activity present in normal liver. This residual activity may account for the relatively high urea production in hyperargininemic patients (2, 3, 7, 1 1, 12, 16, 17 ) and may also explain the reduced vulnerability of these patients to life-threatening hyperammonemia.
The biologic reason for two arginase structural gene loci is unknown. Mezl and Knox (6) have speculated that a second form of arginase may function primarily as a source of proline for protein biosynthesis. Ornithine is also the substrate for ornithine decarboxylase, the first enzyme in the critical polyamine biosynthetic pathway and as such may require distinctly different control of its expression and cellular localization (4) .
